Transcription elongation by RNA polymerase II is regulated by the general elongation factor TFIIS. This factor stimulates RNA polymerase II to transcribe through regions of DNA that promote the formation of stalled ternary complexes. Limited proteolytic digestion showed that yeast TFIIS is composed of three structural domains, termed I, II, and III. The two C-terminal domains (II and III) are required for transcription activity. The structure of domain III has been solved previously by using NMR spectroscopy. Here, we report the NMR-derived structure of domain II: a three-helix bundle built around a hydrophobic core composed largely of three tyrosines protruding from one face of the C-terminal helix. The arrangement of known inactivating mutations of TFIIS suggests that two surfaces of domain II are critical for transcription activity.
Transcription elongation is not a monotonic process. During transcription elongation, RNA polymerase stutters along the DNA template, occasionally pausing for extended periods of time at sequences that block progress of the enzyme. Transcription through such blocks is facilitated by accessory elongation protein factors, including TFIIS and elongin A in eukaryotes and GreA and GreB in prokaryotes (1) (2) (3) (4) . TFIIS is conserved in all eukaryotes and can stimulate elongation by RNA polymerase II (pol II) through blockages caused by DNA-binding proteins and drugs that bind DNA (5) . The yeast factor (yTFIIS) contains 309 amino acids, of which the region 143-309 (yTFIIS143 309) is sufficient for biochemical activity in vitro (6, 7) . This fragment of TFIIS is also functional in vivo; yTFIIS143 309 can complement the 6-azauracil-sensitive phenotype displayed by yeast strains lacking the TFIIS gene (6) . Although residues 1-142 are not essential for transcription activity and have no known function at this time, their role does appear conserved; the rat elongation factor, elongin A, contains a stretch of 115 amino acids near its N terminus that is 29% identical and 53% similar to the N-terminal domain of human TFIIS (8) .
Here, we use limited proteolytic digestion to show that TFIIS is composed of three structural domains, termed I, II, and III, of which domains II and III constitute the minimal transcriptionally active fragment. The solution structure of human TFIIS domain III has been solved previously by Weiss and coworkers (9, 10 ) who refer to it as a "Zn ribbon" due to its ability to bind Zn and its (3-sheet secondary structure composition. Domain III of yTFIIS is expected to be structurally very similar to human domain III because they share 61% identity in this region. We now report the solution structure of domain II (yTFIIS131i240) which, in contrast to domain III, contains only a-helical secondary structural elements.
METHODS
Cloning of TFIIS in Bacterial Expression Vectors. Fulllength TFIIS (TFIIS1 309) and a truncation mutant encoding residues 131-240 (TFIS131-240) were inserted into bacterial expression vectors. The coding sequence for each mutant was amplified from the TFIIS gene (6) by using Vent polymerase (New England Biolabs) by the polymerase chain reaction (PCR). The restriction sites NdeI and BamHI were added to the 5' and 3' ends of the PCR product, respectively, and used to insert the TFIIS fragments between the NdeI and BamHI sites of the T7 polymerase expression vector pET15b (Novagen). The proteins were expressed in Escherichia coli BL21(DE3) as C-terminal fusions to an N-terminal sixhistidine tag and a thrombin protease site. The thrombindigested protein retained four N-terminal residues, GSHM-, which are not found in the wild-type TFIIS sequences.
Bacterial cells expressing yTFIIS were grown in Luria broth for the proteolysis studies (TFIIS1 309) or in M9 minimal medium containing 13C-labeled glucose and/or 15NH4Cl for NMR studies (TFIlSI31-240). Cells were grown at 37°C to an optical density of 0.8 at 600 nm, and TFIIS expression was induced with 1.0 mM isopropyl 13-D-thiogalactopyranoside. Three hours after induction, the cells were harvested by centrifugation, resuspended in 50 mM Tris HCl, pH 7.5/10% sucrose/1.0 mM benzamidine/1.0 mM phenylmethylsulfonyl fluoride/1.0 mM EDTA (3 ml per gram of cells) and frozen at -70°C. TFIIS was purified from the frozen cells as described by Christie et al. (11) . TFIIS1I309 was stored frozen at 3.5 mg/ml in a solution containing 20 mM Hepes at pH 7.5,50 mM NaCl, 10 mM dithiothreitol (DTT), 10% (vol/vol) tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 60 min in protease buffer (20 mM Hepes, pH 7.5/150 mM NaCl/5 mM DTT/10 ,uM ZnSO4/10% glycerol). The proteolytic products were resolved by SDS/polyacrylamide gel electrophoresis and visualized by staining with Coomassie blue. For preparative purposes, 5 mg of purified yTFIIS fusion protein was incubated with 10 ,ug of V8 protease for 30 min in protease buffer. The proteolytic products were resolved by Ni-affinity chromatography and purified by reverse-phase chromatography on a C4 column developed with an acetonitrile gradient. The molecular weights of the purified products were determined by laser desorption mass spectroscopy.
NMR Spectroscopy and Spectral Assignments. All NMR spectra were collected at 23°C on either a Varian Unity Plus 500-MHz or Unity 600-MHz spectrometer equipped with pulse-field gradient units and actively shielded z-gradient triple-resonance probes. NMR experiments involving correlations of amide protons were conducted with gradientenhanced versions (12) of the originally published pulse sequences. NMR data used in these studies were processed by using nmrPipe software (13) . Spectral analysis was assisted with the programs PIPP and CAPP (14) . (19, 20) spectra. Eight of the remaining 10 nonproline residues from the N terminus (N-terminal GSHM and residues P131-S134 of yTFIIS) display no observable NH cross peaks in HSQC spectra. Residues K209 and N210, located in the C-terminal loop of the structured region, behave in a similar manner in the HSQC experiment. This behavior is likely due to line broadening arising from conformational heterogeneity in these portions of the polypeptide chain.
Side-chain 'H and 13C resonances of aliphatic residues were assigned from the following spectra: HCCH-TOCSY (19, 21) recorded with mixing times (Tm) of 7 ms and 14 ms; a two-dimensional (2D) constant-time 13C HSQC (22) ; CCC-TOCSY; and 15N TOCSY-HMQC (23) with a 41-ms Tm Side-chain 'H resonances of aromatic residues were assigned from 100-ms Tm homonuclear 2D NOESY (24) and TOCSY (25) spectra measured in D20. For the 99 residues whose backbone amide protons were assigned, correlation of the above spectra allowed assignment of 93% of side-chain proton and 94.5% of side-chain 13C resonances (excluding 11 lysines and 3 arginines with highly degenerate methylene resonances). Lysines and arginines with highly degenerate methylene resonances are charged surface residues whose side chains are likely to have a greater mobility than those of the protein core.
'H-'H NOEs were identified from the following spectra: "3C-edited NOESY in D20 (26) (30, 31 ). An additional 0.5 A was added to the upper bounds of NOEs from methyl groups (28, 31) . (ii) 4 angles of residues with 3JNH-Ha coupling constants between 8.0 and 9.0 Hz were constrained to -1200 + 400; 3JNH-Ha values greater than 9.0 Hz were constrained to -1200 + 300; values c 5.5 Hz were constrained to -600 ± 300 (32, 33, 34) Three-dimensional structures were calculated by using the dynamic simulated annealing protocol (36) implemented within X-PLOR (37, 38) . Initial calculations employed approximately 10 unambiguous restraints per residue in the structured region of the molecule. In a fashion similar to that described by Bagby et al. (39) Table 1 . The atomic coordinates will be submitted to the Brookhaven Protein Data Bank.
RESULTS AND DISCUSSION
Our goal is to derive a three-dimensional structure for the elongation factor TFIIS. Attempts at crystallization of the full-length protein (TFIISI 309) or the smallest active protein (TFIIS143309) have proven unsuccessful. Since the entire protein is too large for NMR structure determination, we set out to identify structural domains that might be amenable to NMR Fig. 1A . For the V8 protease digestion, complete cleavage occurred at residues 105 and 246 and partial cleavage was also observed at residue 124, suggesting that TFIIS contains three structural domains (Fig. 1B) . Domain I of yTFIIS, which extends from the N terminus to the region 105-124, corresponds well with the region recently identified in human TFIIS as being 29% identical and 53% similar to the N terminus of rat elongin A (8) . Therefore, domain I likely has a conserved protease-resistant threedimensional structure. Domain II extends from the 105-124 region to residue 246. The sequence of this domain is conserved among known TFIIS genes and, together with domain III, is essential for transcription activity. Domain III comprises the C-terminal 50 or so amino acids and is highly conserved in all TFIIS genes. The structure of domain III from human TFIIS has been determined by NMR spectroscopy and contains a Zn-ribbon domain (9, 10) . This domain, which is composed entirely of (3-sheet secondary structure, does not bind to nucleic acids as orignally reported (41 Figs. 2 and 3) . Domain II is essential for pol II to read through transcription pause sites and for transcript cleavage. Cipres-Palacin and Kane (45, 46) have used alanine scanning mutagenesis to identify clusters of charged residues on the surface of human TFIIS that affect these elongation activities. Mutations in two of these clusters, termed cluster 1 and cluster 7b by those authors, are in domain II and abolish both read-through and transcript cleavage capabilities (46) . Mutations in a third cluster within domain II, cluster 7, result in the loss of read-through activity but retain 50% of wild-type cleavage activity. The charged residues in these clusters, which are conserved between the yeast and human proteins, are K147/ R149, K196, and R198/R200 for clusters 1, 7, and 7b, respectively. The surfaces implicated by these mutations map to two separate faces of the domain II helix bundle and are displayed in Fig. 3 . Although the phenotypes of these human TFIIS mutations have yet to be verified in the yeast system, our structure suggests that two separate surfaces are critical for read-through and mRNA cleavage functions of TFIIS. Interestingly, clusters 7 and 7b, which display different phenotypes in human TFIIS, are found adjacent to one another in threedimensional space.
TFIIS is functionally similar to the bacterial transcription elongation factors GreA and GreB. Each of these factors binds to its respective RNA polymerase, promotes read-through of transcription pause sites, and stimulates transcript cleavage. The functional similarity does not extend to sequence conservation; although the primary sequences of GreA and GreB share 50% sequence similarity, they are completely unrelated to TFIIS. A comparison of the structures of TFIIS domains II and III and GreA revealed a holistic similarity; each protein is composed of two domains of approximately equal size, an N-terminal helical domain and a C-terminal f3-sheet domain.
In addition, the base of the helical domain in both GreA and TFIIS contains basic residues that are critical for transcription activity. However, in detail, the structures of TFIIS and GreA are significantly different; the helical domain of GreA is an extended, antiparallel coiled coil, while that of TFIIS is a more FIG. 3 . Ribbon representation of the energy-minimized average structure for residues 139-215 in purple. Connally surfaces are shown for the five mutation-sensitive, charged residues which are conserved between human and yeast TFIIS. When mutated to alanine in human TFIIS, residues K147, R149, R198, and R200 (red/orange) abolish both read-through and transcript cleavage activities of pol II. Mutation of K196 (green/yellow) to alanine in human TFIIS results in the elimination of read-though activity, but it only partially reduces cleavage activity (45, 46) .
